Two alkyl alcohol dehydrogenase (ADH) genes from the long-chain alkane-degrading strain Geobacillus thermodenitrificans NG80-2 were characterized in vitro. ADH1 and ADH2 were prepared heterologously in Escherichia coli as a homooctameric and a homodimeric protein, respectively. Both ADHs can oxidize a broad range of alkyl alcohols up to at least C 30 , as well as 1,3-propanediol and acetaldehyde. ADH1 also oxidizes glycerol, and ADH2 oxidizes isopropyl alcohol, isoamylol, acetone, octanal and decanal. The best substrate is ethanol for ADH1 and 1-octanol for ADH2. For both ADHs, the optimum assay condition is at 60 6C and pH 8.0, and both NAD and NADP can be used as the cofactor. Sequence analysis reveals that ADH1 and ADH2 belong to the Fe-containing/activated long-chain ADHs. However, the two enzymes contain neither Fe nor other metals, and Fe is not required for the activity, suggesting a new type of ADH. The ADHs characterized here are potentially useful in crude oil bioremediation and other bioconversion processes.
INTRODUCTION
Alcohol dehydrogenases (ADHs), catalysing the reversible oxidation of alcohols to aldehydes, are widely present in all organisms (Reid & Fewson, 1994) . ADHs display a broad substrate range and play a variety of physiological roles (Radianingtyas & Wright, 2003) . In the context of alkane biodegradation, ADH catalyses the second reaction step of the terminal oxidation pathway (alkaneAalkyl alcoholAalkyl aldehydeAfatty acid) (Wentzel et al., 2007) . Increased ADH activity on hexadecanol (C 16 ) in response to hexadecane exposure was detected in Acinetobacter sp. HO1-N (Singer & Finnerty, 1985) . On the other hand, a number of ADHs, isolated both from alkane-degrading bacteria such as Pseudomonas fluorescens NRRL B-1244 (Hou et al., 1983) , Pseudomonas butanovora ATCC 43655 (Vangnai & Arp, 2001) and Acinetobacter sp. strain M-1 (Tani et al., 2000) , and from bacteria not known to degrade alkanes such as Geobacillus stearothermophilus LLD-R (Guagliardi et al., 1996) , Pyrococcus furiosus DSM 3638 (Ma & Adams, 1999) and Flavobacterium frigidimaris KUC-1 (Kazuoka et al., 2007) , showed activities on short-to medium-chain alkyl alcohols (C 2 to C 14 ). However, ADHs with activities toward longer-chain alkyl alcohols (C 15 and above) have to our knowledge never been reported. NAD(P)-dependent ADHs can be divided into three major groups based on their molecular properties and metal content (Reid & Fewson, 1994) . Group I includes Zncontaining 'long-chain' ADHs (~350 amino acid residues per subunit) such as YqhD from Escherichia coli strain K-12 (Sulzenbacher et al., 2004) . Group II includes 'short-chain' metal-free ADHs (~250 residues per subunit) such as the ADH from Thermus thermophilus HB27 (Pennacchio et al., 2008) . Group III includes Fe-containing/activated 'longchain' ADHs (385-900 residues per subunit) such as ADH2 (Fe-activated) from Zymomonas mobilis ZM4 (Neale et al., 1986) and FucO (Fe-containing) from E. coli ECL1 (Montella et al., 2005 ). An unusual Fe-and Zn-containing ADH with subunits of 48 kDa from P. furiosus DSM 3638 (Ma & Adams, 1999 ) and a metal-free ADH with subunits of 48 kDa from Thermococcus litoralis DSM 5473 (Ma et 1994) were also reported, but their sequences were not revealed.
Geobacillus thermodenitrificans NG80-2 is a thermophilic bacterium isolated from a deep oil reservoir in Northern China, and it can degrade long-chain alkanes (C 15 to C 36 ) via the terminal oxidation pathway (Feng et al., 2007; Wang et al., 2006) . Recently, we sequenced the whole genome of NG80-2 and characterized the function of the gene (ladA) encoding a monooxygenase for the initial oxidization of long-chain alkanes (Feng et al., 2007) . ADH activities towards 1-hexadecanol were also detected in crude extracts prepared from NG80-2 cells grown with hexadecane (0.88 U mg
21
) and 1-hexadecanol (0.6 U mg 21 ), and no activity was detected in crude extract from cells grown with sucrose (unpublished data). In this study, two ADH genes, GTNG_1754 (encoding ADH1) and GTNG_2878 (encoding ADH2), were expressed heterologously in E. coli and the enzymes were characterized in vitro. Activities of the two ADHs toward a series of alkyl alcohols (C 1 to C 30 ) and other possible substrates were examined. Kinetic parameters, metal content and metal effects on enzyme activity were investigated. Comparative analyses with other known ADHs were also carried out.
METHODS
Materials. Primers were synthesized by AuGCT Biotechnology, Beijing, China. Plysurf A210G, used as a dispersant for long-chain alkyl alcohols, was kindly provided by Daiichi Kogyo Seiyaku, Japan. Restriction enzymes and rTaq DNA polymerase were purchased from TaKaRa, T4 DNA ligase from Promega, and DNase I from Roche. Chelating Sepharose Fast Flow columns, and Low and High Range Molecular Weight Standards were purchased from Amersham Biosciences. Alkyl alcohols (C 14 to C 30 ), alkyl aldehydes (C 8 to C 12 ) and PMSF were purchased from Sigma-Aldrich. Alkyl alcohols (C 1 to C 12 ), other chemicals and reagents were purchased from Shanghai Sangon, China.
Bacterial strains and growth conditions. G. thermodenitrificans NG80-2 and E. coli BL21(DE3) (Novagen) were grown in LuriaBertani (LB) medium at 60 and 37 uC respectively, with shaking. When necessary, kanamycin (50 mg l 21 ) was added to the medium.
PCR amplification and cloning of ADH genes. Genomic DNA from G. thermodenitrificans NG80-2 was extracted as previously described (Wang et al., 2006) . GTNG_1754 (adh1) and GTNG_2878 (adh2) were amplified by PCR using primer pairs 59-CACAT-CCATGGGTGTAGCCCGCATTGTC-39/59-AGCTCTCGAGCGCCT-TGTGCGGCTCTACGAT-39 and 59-CGGAATTCATGCAAAATTTT-ACGTTTCGCA-39/59-ACGCGTCGACTTATAAAGACGCACGCAA-AATG-39, respectively (restriction sites are underlined). The primers were designed based on up-and downstream DNA sequences of ADH genes. PCR was performed as follows: 95 uC for 5 min; 95 uC for 30 s, 56 uC for 45 s and 72 uC for 2 min, 25 cycles; and 72 uC for 5 min. The amplified product was cloned into the NcoI/XhoI (adh1) or EcoRI/SalI (adh2) site of pET-28a (Novagen) to construct plasmids pLW1246 and pLW1168, respectively. The presence of the insert in the plasmid was confirmed by sequencing using an ABI 3730 automated DNA sequencer.
Expression and purification of recombinant ADHs. E. coli BL21(DE3) carrying pLW1246 (containing adh1) or pLW1168 (containing adh2) was grown in LB supplemented with 50 mg kanamycin l 21 to an OD 600 of 0.6. Expression of the protein was induced by 0.05 mM IPTG at 37 uC for 3 h (ADH1) or by 0.1 mM IPTG at 45 uC for 2.5 h (ADH2).
Protein purification was carried out at 4 uC using the following procedures. Cells were harvested by centrifugation at 10 000 g for 10 min, washed with binding buffer (50 mM Tris/HCl, pH 8.0, 300 mM NaCl and 10 mM imidazole) and then resuspended in the same buffer supplemented with PMSF (1 mM) and lysozyme (1 g l
21
). The resuspended cells were disrupted by sonication (UP200s Ultraschallprozessor, Dr Hielscher; 20 kHz, 0.5 cycle, 90 % amplitude). After addition of RNase A (10 mg l 21 ) and DNase I (5 mg l
), the lysate was incubated on ice for 15 min, and the cell debris was removed by centrifugation at 18 000 g for 30 min. The crude extract was applied to a Chelating Sepharose Fast Flow column according to the manufacturer's instructions. Unbound proteins were washed out with wash buffer (50 mM Tris/HCl, pH 8.0, 300 mM NaCl, 20 mM imidazole). Fusion proteins were eluted with elution buffer (50 mM Tris/HCl, pH 8.0, 300 mM NaCl, 250 mM imidazole) and dialysed against 50 mM Tris/HCl (pH 8.0) in the absence (ADH1) or presence (ADH2) of 20 % (v/v) glycerol.
Protein concentration was determined by the Bradford method (Bradford, 1976) . SDS-PAGE and native PAGE were performed by the methods of Laemmli (1970) and Tulchin et al. (1976) , respectively.
ADH activity assay. ADH activity was assayed spectrophotometrically at 340 nm by determining NAD(P)H produced or oxidized, using a UV-2550 UV-visible spectrophotometer (Shimadzu). The standard reaction mixture for the oxidation reaction (200 ml) contained 100 mM substrate (1 mM for long-chain alkyl alcohol), 10 mM NAD(P) + in 50 mM Tris/HCl (pH 8.0) and an appropriate amount of enzyme. Insoluble long-chain alkyl alcohols (C 14 to C 30 ) (100 mM) were homogenized in 50 mM Tris/HCl (pH 8.0) containing 6 % (w/w) Plysurf A210G by first heating the alcohol/Plysurf mixture in boiling water for 3 min and then sonicating for 1 min, prior to the addition into the assay mixture to a final alcohol concentration of 1 mM. The standard reaction mixture for the reduction reaction (200 ml) contained 100 mM substrate (acetaldehyde), 10 mM NAD(P)H in 50 mM Tris/HCl, pH 8.0 (ADH1) or KH 2 PO 4 /NaOH, pH 6.0 (ADH2), and an appropriate amount of enzyme. Reactions were initiated by adding the enzyme, and terminated by extracting with an equal volume (200 ml) of chloroform after incubation for 10-20 min at 60 uC. To avoid possible interferences of Plysurf A210G, reaction mixtures extracted with chloroform immediately after addition of substrate (homogenized with Plysurf A210G) were used as controls. One unit of enzyme was defined as the amount of enzyme that catalyses the formation or consumption of 1 mmol NAD(P)H (e 340 56220 M
Determination of the optimum temperature and pH for ADH activity. To determine the temperature optimum, ADH activity was measured in the standard reaction mixture at pH 8.0 in the temperature range 45-75 uC. To determine the pH optimum, ADH activity was measured at 60 uC in the pH range 6.0-9.0 using KH 2 PO 4 /NaOH (pH 6.0-8.0), Tris/HCl (pH 8.0-8.6) or glycine/ NaOH (pH 8.6-9.0) buffer. To determine the thermostability of the ADHs, the enzymes were incubated at 60 uC for various periods prior to activity assays. 
RESULTS

Comparative analysis
ADH1 contains 395 amino acids, and shows 38 % identity to 1,3-propanediol dehydrogenase from Clostridium pasteurianum DSM 525 (accession no. AAC45651) (Luers et al., 1997) . ADH2 contains 387 amino acids, and shows 45 % identity to butanol dehydrogenase A from Clostridium acetobutylicum ATCC 824 (accession no. AAA23206) (Walter et al., 1992) . On the basis of the sequence data, both ADH1 and ADH2 belong to the group III Fe-containing/activated ADH family (pfam00465). The putative iron-binding motif (G-X-X-H-X-X-A-H-X-X-G-X-X-X-X-X-P-H-G), proposed as a fingerprint pattern for the group III ADHs (Bairoch, 1992) , is more or less conserved in ADH1 and ADH2 (Fig. 1) . Crystal studies of Fe-containing FucO from E. coli ECL1 (Montella et al., 2005) and 1,3-propanediol dehydrogenase from Thermotoga maritima strain MSB8 (Schwarzenbacher et al., 2004) revealed that three histidines and one aspartate coordinate Fe 2+ at the active site. Those four residues were found strictly conserved in the group III ADHs, including ADH1 and ADH2 (Fig. 1) . The highly conserved NAD(H)-or NADP(H)-binding fingerprint patterns G-X-G-X-X-G or G-X-G-X-X-A (Scrutton et al., 1990; Wierenga et al., 1985) are not present, as in other described group III ADHs (Daniel et al., 1995; Luers et al., 1997; Walter et al., 1992) . The identity between ADH1 and ADH2 is 26 %, indicating different origins.
Expression and purification
ADH1 and ADH2 were expressed in E. coli BL21(DE3) and purified by nickel ion affinity chromatography. The purified ADH1 or ADH2 migrated as a band of~45 kDa in SDS-PAGE gel (Fig. 2a) , corresponding well to the calculated molecular mass (41 664 or 42 804 Da). ADH1 was detected as a band of 380 kDa and ADH2 a band of 90 kDa in native PAGE gels (Fig. 2b) . MALDI-TOF-MS analysis of the protein bands from either gel using an Applied Biosystems 4700 Proteomic Analyser revealed only ADH1 or ADH2. These results indicate that ADH1 is a homooctamer and ADH2 a homodimer.
Neither ADH1 nor ADH2 as purified contained a significant amount of Fe (,0.03 g-atom per subunit) as indicated by atomic absorption analysis. Other metals examined, including Ca, Co, Cu, Mg, Mn and Zn, were also not found. The two ADHs purified from E. coli cells Fig. 1 . Sequence alignments of ADH1 and ADH2 with the most similar known proteins (identity .25 %). The amino acid sequences were retrieved from GenBank and aligned using CLUSTAL_X 1.83. The box indicates the putative iron-binding motif proposed as a typical feature of the group III ADHs (Bairoch, 1992) . Shaded amino acids indicate the residues involved in Fe binding as characterized in FucO from E. coli ECL1 (Montella et al., 2005) and 1,3-propanediol dehydrogenase from Thermotoga maritima strain MSB8 (Schwarzenbacher et al., 2004) . Amino acid residues are numbered on the right. PDH_CPA, 1,3-propanediol dehydrogenase from Clostridium pasteurianum DSM 525 (accession no. AAC45651); PDH_CBU, 1,3-propanediol dehydrogenase from Clostridium butyricum VPI1718 (accession no. AAM54730); PDH_CFR, Fe-containing 1,3-propanediol dehydrogenase from Citrobacter freundii DSM 30040 (accession no. P45513); MEDH_BME, Zn-Mg-containing methanol dehydrogenase from Bacillus methanolicus Cl (accession no. P31005); ADH2_ZMO, Fe-activated ADH2 from Zymomonas mobilis ZM4 (accession no. P06758); PDH_ECO, Fe-containing FucO from E. coli ECL1 (accession no. 2BL4); BDH_CSA, butanol dehydrogenase from Clostridium saccharobutylicum (accession no. P13604); ADH1_GTH, ADH1 from G. thermodenitrificans NG80-2 (accession no. ABO67118); ADH2_GTH, ADH2 from G. thermodenitrificans NG80-2 (accession no. ABO68223); BUDH_CAC, butanol dehydrogenase A from Clostridium acetobutylicum ATCC 824 (accession no. AAA23206); ADH_THY, Fe-containing ADH from Thermococcus hydrothermalis strain AL662T (accession no. CAA74334); PDH_TMA, Fe-containing 1,3-propanediol dehydrogenase from Thermotoga maritima strain MSB8 (accession no. 1O2D). Microbiology 155 supplemented with Fe 2+ (1 mM) and ascorbic acid (2 mM) during the IPTG induction also contained no Fe.
Substrate and coenzyme specificity
Both ADH1 and ADH2 oxidized a broad range of alkyl alcohols (Fig. 3) . ADH1 oxidized alkyl alcohols ranging from ethanol to 1-triacontanol (C 2 to C 30 ), and ADH2 oxidized alkyl alcohols ranging from methanol to 1-triacontanol (C 1 to C 30 ). In addition, both enzymes oxidized 1,3-propanediol and acetaldehyde. ADH1 also oxidized glycerol, and ADH2 oxidized isopropyl alcohol, isoamylol, acetone, octanal and decanal. Other substrates examined, including methanal and dodecanal, were not oxidized by either ADH. The highest activity was obtained with ethanol (447.58±6.18 U mg 21 with NAD) for ADH1, and 1-octanol (363.58±36.31 U mg 21 with NADP) for ADH2.
Kinetic parameters were determined for ethanol (ADH1, ADH2), 1-octanol (ADH2), NAD and NADP in the oxidation reaction; and acetaldehyde, NADH and NADPH in the reduction reaction (Table 1 ). In the case of ADH1, similar K m values and k cat /K m ratios were obtained for ethanol and acetaldehyde, indicating similar activities in both the oxidation and reduction reactions. In the case of ADH2, however, a lower K m value and higher k cat /K m ratio were obtained for acetaldehyde, indicating that the enzyme activity is in favour of the reduction reaction. The apparent K m values of ADH1 and ADH2 are comparable with those of other group III ADHs (Table 2) .
For either enzyme, both NAD and NADP could be used as electron acceptor (Table 1) . However, NAD appeared to be the preferred cofactor for ADH1, while NADP was the preferred cofactor for ADH2.
Effects of temperature, pH, metal ions, chelating agents and detergents
Using ethanol (for ADH1) or 1-octanol (for ADH2) as the specific substrate, effects of the temperature and pH on ADH activity were examined. The activity was detected at temperatures between 45 and 75 u C (ADH1), or between 50 and 65 u C (ADH2); the maximum activity was detected at 60 u C for both enzymes (Fig. 4a) . Both ADH1 and ADH2 were active in the pH range 6.0-9.0, and the maximum activity was detected at pH 8.0 (Fig. 4b) . After incubation at 60 u C for 14 h, both ADH1 and ADH2 retained more than half of the initial activity (Fig. 4c) 18 % of the ADH2 activity, but Na + showed no effect on the activity. In contrast to the inhibition by most of the metal ions tested, Fe 2+ enhanced the activity of ADH1 and ADH2 by 69 % and 36 %, respectively.
EDTA showed no obvious effect on the activity of ADH1 and ADH2, and treatment of the two enzymes with EDTA before dialysis did not affect the activity, suggesting that Table 1 . Kinetic parameters of recombinant ADH1 and ADH2 X. Liu and others metals are not required for the activity of ADH1 and ADH2. SDS completely inhibited the activity of ADH2, and inhibited 97 % of ADH1 activity.
DISCUSSION
The group III ADHs include mainly Fe-containing and Feactivated enzymes. Fe-containing ADHs still contain Fe after purification, such as the ADHs from E. coli ECL1 (Montella et al., 2005) , Thermotoga hypogea DSM 11164 (Ying et al., 2007) , Thermotoga maritima strain MSB8 (Schwarzenbacher et al., 2004) and Thermococcus strain ES-1 (Ma et al., 1995) , as well as the recombinant ADH from Thermococcus hydrothermalis strain AL662T (Antoine et al., 1999) . Fe-activated ADHs do not contain Fe after purification, but the ion must be present in the assay mixture to obtain ADH activity, as seen for the ADH2 from Z. mobilis ZM4 (Bakshi et al., 1989; Scopes, 1983) . In a few cases, other metals instead of Fe have been detected, such as a Zn-and Mg-containing methanol dehydrogenase from Bacillus methanolicus C1 (Vonck et al., 1991) and a Zndependent glycerol dehydrogenase from G. stearothermophilus var. non-diastaticus (Ruzheinikov et al., 2001) . Based on observations that metals other than Fe may also bind to the group III proteins, some authors proposed to rename the Fe-dependent ADHs the group III metal-dependent polyol dehydrogenases (Ruzheinikov et al., 2001 ). In our case, ADH1 and ADH2 contain neither Fe nor other metals after purification, and their activities are not dependent on any metals, suggesting a new type of ADH in this group. In contrast to the absolute requirement of Fe for the activity in Fe-activated ADHs, Fe 2+ only enhances the activity of ADH1 and ADH2, suggesting that a different mechanism is involved in the activation. Although the native forms of ADH1 and ADH2 were not investigated here, the fact that the recombinant ADH1 and ADH2 are functional, with high activities, suggests that the native enzymes might be also metal-independent.
To our knowledge, this is the first report of ADHs that oxidize long-chain alkyl alcohols up to at least C 30 . Alkyl alcohols longer than C 30 are not commercially available, and were therefore not investigated here. G. thermodenitrificans NG80-2 contains five ADH genes as revealed by genome analysis (Feng et al., 2007) . In addition to ADH1 and ADH2, we also investigated three other ADHs, encoded by GTNG_0872, GTNG_1287 and GTNG_1851, all of which showed no activity on alkyl alcohols longer than C 14 (data not shown). Therefore, both ADH1 and ADH2 are likely to be involved in long-chain alkane dissimilation in NG80-2. In the case of ADH2, alkyl alcohols must be present in excess to allow the oxidation reaction to take place, and this situation may occur when alkanes are utilized as carbon and energy sources. This is unlike the case reported for a hexadecane-inducible NADP-dependent ADH in Acinetobacter sp. M-1, which exhibited mainly reductive activity on medium-chain alkyl aldehydes (C 2 to C 14 ), with little oxidative activity detected, and was assumed not to participate in the degradation of long-chain alkanes (Tani et al., 2000) . On the other hand, both ADH1 and ADH2 are expressed at similar levels (less than 50 % difference) in NG80-2 cells grown with hexadecane and with sucrose, as indicated by 2-DE analysis (Feng et al., 2007) ; thus they are are expected to be involved in other cellular processes such as aldehyde detoxication and alcohol fermentation, as for other characterized ADHs (Antoine et al., 1999; Daniel et al., 1995; Hirakawa et al., 2004; Hosaka et al., 2001; Larroy et al., 2003; Ma et al., 1994 Ma et al., , 1995 Ma & Adams, 1999; Scopes, 1983; Tani et al., 2000; Ying et al., 2007) . It is likely that the major activity of ADH1 and ADH2 is diverted to oxidation of long-chain alcohols when long-chain alkanes are utilized as carbon and energy sources. On the other hand, we did notice small increases (about 30 %) in the expression level of ADH1 and ADH2 in the presence of hexadecane, compared to the level detected in the presence of sucrose, while the other three ADHs were either undetectable or showed no changes at all (data not shown), further implying the involvement of ADH1 and ADH2 in alkane degradation under physiological conditions. In future work, it will be worthwhile to carry out mutation and complementation tests to obtain more direct evidence for the role of ADH1 and ADH2 in alkane degradation.
The enzyme aspect of alkane degradation to clean up oilcontaminated environments has attracted great interest. The two ADHs described here show potential merits for use in those processes. The broad substrate range of these two ADHs is also attractive for applications in enzymic conversion of useful long-chain alkyl alcohols (Lamed & Zeikus, 1980 ) and alkyl aldehydes (Tani et al., 2000) (longer than C 20 ), which are the major components of waxes (Vermeer et al., 2003) and used in the flavour and perfume industries. Thermophilic enzymes also have advantages over mesophilic enzymes in many aspects such as heat stability.
